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A R T I C L E  I N F O   




Air-transmissible pathogenic viruses 
A B S T R A C T   
Air-transmissible pathogenic viruses, such as influenza viruses and coronaviruses, are some of the most fatal 
strains and spread rapidly by air, necessitating quick and stable measurements from sample air volumes to 
prevent further spread of diseases and to take appropriate steps rapidly. Measurements of airborne viruses 
generally require their collection into liquids or onto solid surfaces, with subsequent hydrosolization and then 
analysis using the growth method, nucleic-acid-based techniques, or immunoassays. Measurements can also be 
performed in real time without sampling, where species-specific determination is generally disabled. In this 
review, we introduce some recent advancements in the measurement of pathogenic airborne viruses. Air sam-
pling and measurement technologies for viral aerosols are reviewed, with special focus on the effects of air 
sampling on damage to the sampled viruses and their measurements. Measurement of pathogenic airborne vi-
ruses is an interdisciplinary research area that requires understanding of both aerosol technology and biotech-
nology to effectively address the issues. Hence, this review is expected to provide some useful guidelines 
regarding appropriate air sampling and virus detection methods for particular applications.   
1. Introduction 
Microorganisms such as bacteria and viruses exist in air, which is one 
of the representative biological aerosols or bioaerosols. These biological 
particulate matter (PM) comprise viable, nonviable, and/or fragmented 
organisms, and most of the microorganisms are not pathogenic to 
humans (Franchitti et al., 2020; Prussin et al., 2015). In this review, 
viruses that cause respiratory diseases, such as influenza viruses and 
coronaviruses, are of particular interest among the bioaerosols as they 
affect both animals and humans significantly and rapidly. During the 
2009 pandemic outbreak of the influenza H1N1 virus, more than 17,700 
deaths were reported, according to the World Health Organization. The 
ongoing COVID-19 pandemic has affected approximately 178 million 
people and resulted in the deaths of more than 3.8 million people 
worldwide as of June 19, 2021 (https://www.worldometers. 
info/coronavirus/#countries). The dawn of evolved air-transmissible 
diseases, such as COVID-19, and their long incubation periods during 
which the diseases can be transmitted quickly without severe symptoms, 
as observed in the current pandemic, have increasingly necessitated 
direct measurement of viruses from air samples, in addition to the tests 
on infected hosts. 
Bioaerosols are usually detected and/or quantified by collection into 
liquids or onto solid surfaces, following which they are analyzed using 
the growth method, nucleic-acid-based techniques, or immunoassays, 
such as enzyme-linked immunosorbent assay (ELISA) (Cho et al., 2019). 
Most of the reported reviews on bioaerosol detection by air sampling 
have focused on allergens, bacteria, and fungi (Šantl-Temkiv et al., 
2020; King et al., 2020; Kabir et al., 2020; Huffman et al., 2019), and 
there are very few reviews on the measurement of viral aerosols. 
Moreover, recent reviews on airborne viruses have mostly discussed air 
sampling techniques and their limitations (Pan et al., 2019; Mainelis, 
2020); most reviews on viral sensors have focused on liquid-borne vi-
ruses rather than airborne viruses (Guliy et al., 2019; Ribeiro et al., 
2020; Ji et al., 2020), although airborne viruses show different char-
acteristics when collected and tested at the measurement sites because 
they are subject to a wide variety of environmental stresses, such as 
dehydration, reactive oxygen species (ROS) such as ozone, ultraviolet 
light, and mechanical and/or electrical damage during aerosolization, 
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airborne transport, and sampling. 
Herein, we present a review of the recent advancements in the 
measurement of airborne pathogenic viruses or viruses that can infect 
hosts through transmission by air and cause respiratory diseases, since 
2009 along with their limitations and with additional focus on the SARS- 
CoV-2 and influenza viruses. We also list the damage caused to airborne 
viruses during sampling and their effects on the measurements, with the 
aim of providing guidelines for the sampling and detection methods that 
are appropriate and compatible with each other. Most air sampling 
processes can cause damage to the sampled viruses physically and/or 
biologically either globally or locally; hence, specific analytical tools are 
required to determine the particular states of the bioaerosols, such as 
infectivity. For instance, nucleic-acid-based techniques do not require 
the surface proteins of sampled viruses to be intact for detection; hence, 
the effects of damage to the surface proteins during sampling are 
minimal. 
In this review, some basic properties of airborne pathogenic viruses, 
such as their general structure, disease transmission routes, size range of 
human-generated viral aerosols, resistance to environmental stress, and 
indoor and outdoor viral concentrations, are introduced. Further, a 
general procedure for measuring airborne viruses, enrichment strategies 
for the viral aerosol particles, and some air samplers such as inertia- 
based, electrostatic, and condensation-based samplers are presented. 
Lastly, measurement of viruses collected with air samplers are discussed 
with respect to using the plaque assay, nucleic-acid-based amplification 
method, immunoassays, affinity-based advanced measurement, and 
optical detection techniques. 
2. Basics of airborne pathogenic viruses 
2.1. General structure of the virus 
Unlike bacteria, viruses cannot reproduce by themselves and depend 
on the host cells for propagation. The genome of a virus consists of 
deoxyribonucleic acids (DNA) or ribonucleic acids (RNA), which may be 
circular (C) or linear (L) and double stranded (ds) or single stranded (ss). 
In the case of ssRNA (positive or negative) viruses, the positive sense 
viral RNA (e.g., coronaviruses) is similar to the mRNA, whereas the 
negative sense viral RNA (e.g., influenza viruses) is complementary to 
the mRNA and must be replicated to the mRNA using RNA polymerase 
(Gelderblom, 1996). The dsDNA viruses also have a sense strand acting 
as the mRNA and an antisense strand complementary to the mRNA; 
however, the ssDNA viruses are first made into the double stranded form 
using DNA polymerase before mRNA synthesis (Gelderblom, 1996) 
(Fig. 1). Viral nucleic acids are surrounded by a protein coat or capsid 
comprising multiple copies of a single protein or several proteins. The 
combination of a capsid and the internal nucleic acids is called a 
nucleocapsid or nucleoprotein (NP), which functions as a shell to protect 
the viral genome. In some viruses, the nucleocapsids are covered with 
outer membranes or envelopes, which consist mainly of phospholipid 
bilayers and contain one or two types of virus-encoded glycoproteins, 
such as hemagglutinin (HA) for the influenza virus. Glycoproteins are 
receptor-binding proteins that help in binding to the host cells, and the 
internal domains of the host cells interact with the viral matrix protein 
(MP), which functions as a bridge between the glycoproteins and NP 
(Harvey et al., 2000). Depending on the existence of the outer mem-
brane, viruses are categorized into two groups: enveloped and 
non-enveloped viruses (Fig. 2). 
Bacteriophages are viruses whose hosts are bacteria. MS2 bacterio-
phages, whose host is Escherichia coli, are extensively used as surrogates 
for many air-transmissible pathogenic viruses in bioaerosol studies 
because they have a similar structure; they are also safer and more 
convenient to use for lab-scale experiments. Pathogenic viruses often 
need to be inactivated before aerosolization in experiments, and UV- 
inactivated viruses usually do not affect detection via polymerase 
chain reaction (PCR) (Myatt et al., 2003; Bender et al., 1995) and im-
munoassays (Wang et al., 1995), which additionally helps improve the 
safety of experiments involving these viruses. 
Viruses primarily differ from bacteria by their lack of ribosomes, 
adenosine triphosphate (ATP), and cellular machinery for reproduction 
(Cossart and Helenius, 2014). Viruses are visible only under electron 
microscopes, and viral enrichment via normal centrifuging is generally 
not effective owing to their small size, whereas bacteria are larger in size 
and visible under a light microscope. Because of these reasons, several 
techniques like ATP bioluminescence and fluorescent assays may not be 
effective for detecting viruses. 
2.2. Disease transmission routes and minimum infective dose 
Viruses causing respiratory diseases are transmitted in several ways, 
and several examples of such viruses and their minimum infective doses 
(MIDs) and survival times are summarized in Table 1. The typical modes 
of transmission are droplet, contact (direct and indirect), and aerosol 
transmission (Fig. 3). An aerosol particle size of 5 µm is considered as the 
boundary between droplet and aerosol transmission modes, as suggested 
by the US Centers for Disease Control and Prevention (CDC). Recently, 
the US CDC has categorized the transmission routes of SARS-CoV-2 in 
three ways: inhalation of fine droplets and aerosol particles, deposition 
of droplets on mucous membranes, and touching mucous membranes 
with contaminated hands (CDC, 2021). 
Fig. 1. Classification of viruses and examples. C: circular, L: linear, +: sense strand, -: antisense strand. 
Image modified from Rosenthal et al. (2011). 
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Droplet-based transmission refers to the condition where virus-laden 
droplets move directly thought the air from an infected person to the 
respiratory system of another. Particles greater than 5 µm are quickly 
removed from the air by collision or gravitational sedimentation, and 
most of them are collected at the upper respiratory tract, making it 
difficult for them to reach the lower respiratory tract (Brown et al., 
2013). Airborne (aerosol) transmission is caused by the inhalation of 
smaller respirable-sized aerosols containing viruses. There are several 
pathogenic viruses that can be transmitted from person to person 
through the air, such as the influenza virus (flu), varicella-zoster viruses 
(chicken pox), rubella viruses (measles), and SARS-CoV-2 (COVID-19) 
(Tellier et al., 2019; Nissen et al., 2020). These airborne viruses can also 
travel on solid particles, such as dust and skin flakes, or in aerosol 
droplets. Large droplets containing such viruses can also accumulate on 
certain surfaces, commonly called fomites, thereby contributing to 
contact transmission. In such cases, infection occurs by touching the 
mouth and/or nose with virus-contaminated hands after contact with 
fomites. 
The survival times of airborne viruses on surfaces differ based on 
whether the surfaces are nonporous (e.g., plastic, stainless steel, glass) or 
porous (e.g., papers and clothes) (Alidjinou et al., 2019). Nonporous 
surfaces are major contributors to disease transmission (Ikonen et al., 
Fig. 2. Structures of non-enveloped and enveloped viruses.  
Table 1 
Minimum infective doses of respiratory disease viruses for humans with their sizes and survival times. S: spherical, I: icosahedral, I-S: icosahedral spherical, TCID50: 
fifty-percent tissue culture infective dose, E: enveloped, NE: non-enveloped.  
Viruses Shape Type Size 
(nm) 
Minimum infective dose 
(TCID50) 
Survival time References 
Nasal drop Aerosol Non- 
porous 
Porous Skin  








S E 30–40 30–40 
(Type− 1) 
– 6 h 30–45 min 20 min (Karimzadeh et al., 2021; Vasickova et al., 
2010) 
Parainfluenza virus S E 150–250 – – 10 h 4 h 1 h (Walther and Ewald, 2004) 
Adenovirus I NE 90–100 35 0.5 – – – (Karimzadeh et al., 2021) 
Coronavirus S E 80–160 13 (HCoV- 
229E) 
– 3–4 days 30 min–7 
days 
9 h (Watanabe et al., 2010) 
Rhinovirus S NE 30–50 0.032 0.68 > 25 h 1–24 h 1–3 h (Ikonen et al., 2018; Yezli and Otter, 2011; 
Walther and Ewald, 2004) 
Rubella virus S E 60–70 0.2 – – – (Knudsen, 2001) 
Coxsackievirus I-S NE 30 6 28–34 – – – (Karimzadeh et al., 2021)  
Fig. 3. Transmission routes of COVID-19. 
Image modified from Galbadage et al. (2020). 
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2018) since the survival times of airborne viruses on them have been 
observed to be much longer than those of porous surfaces (Table 1). The 
SARS-CoV-2 virus was observed to be viable for 3 h in aerosols, with 
decrease in infectious virus concentration from 103.5 to 102.7 TCID50 per 
liter of air (van Doremalen et al., 2020), but this could be less in outdoor 
conditions depending on damage to the virus from environmental stress 
(Chirizzi et al., 2021). The SARS-CoV-2 strain was observed to be more 
stable on stainless steel and plastic than on cardboard and copper, and 
the virus was viable for up to 72 h after being deposited on the surfaces 
although the number of viable viruses greatly decreased (van Doremalen 
et al., 2020). 
The MIDs of several pathogenic airborne viruses, including the 
influenza virus, coronaviruses, adenoviruses (Karimzadeh et al., 2021; 
Yezli and Otter, 2011), and rubella virus (Knudsen, 2001), in humans 
have been reported (Table 1), which are closely related to the limits of 
detection (LODs) of the corresponding sensors. The measurement of the 
MID in human studies requires administration of the virus via nasal 
drops that can cause infection in the upper respiratory tract or by 
aerosols that can cause both lower and upper respiratory tract infections 
(Yezli and Otter, 2011). Although the MID of SARS-CoV-2 in humans 
needs more research, it is expected to be approximately 100 virus par-
ticles (Karimzadeh et al., 2021). The only human study regarding a 
coronavirus has been reported for HCoV-229E and its MID is 9 PFU. 
Furthermore, if aerosol transmission is the dominant mode, then the 
MID would be lower (Karimzadeh et al., 2021). 
2.3. Size range of human-generated viral aerosols and their infectivity 
studies 
An infected person can emit viral aerosols through the saliva and 
mucus by sneezing, coughing, breathing, speech, etc. Because of the 
aerodynamic behaviors of viral aerosols, their propagation through air 
and deposition in the respiratory tract depend heavily on their aero-
dynamic particle sizes, so it is of critical importance to know the size 
distributions of viral aerosols for preventing the spread of viral diseases. 
The particle size distributions in air are also determined by aero-
solization of the viral particles through the generation principle, nebu-
lization media, etc., all of which are closely related to the surface tension 
of the fluid lining the respiratory tract and its rupture in humans (Wilson 
et al., 2020). 
As the sizes of the generated aerosol particles increase, the number of 
microbial particles may also increase, and solute components around 
these particles might offer protection from the surrounding environ-
ment, thereby maintaining infectiousness; however, these particles have 
shorter times to remain airborne. On the other hand, if the particles are 
smaller, they have a higher probability of reaching the lower respiratory 
tracts of the victims, where the infections may be of greater severity as 
they can damage lung function and affect morbidity and fatality (Gral-
ton et al., 2011). In fact, aerosol-based infections require less doses, e.g., 
~100 times less, than droplet-based infections (Tellier, 2009). More-
over, the spike proteins of SARS-CoV-2 viruses specifically adhere to the 
angiotensin-converting enzyme-2 (ACE-2) receptors, which have 
significantly higher presence on the alveolar surfaces than bronchial 
surfaces, and the alveolar surfaces have thinner lining fluids that allow 
easier exposure of the ACE-2 receptors (Wilson et al., 2020). 
Viruses usually have a size range of 25–400 nm. A single virus par-
ticle can exist in air (Hogan et al., 2005) and can aggregate with other 
particles to form larger particles during aerosolization or transmission. 
The particle sizes can vary depending on the sizes of the initial droplets 
as well as the concentrations of the virus and solute in the droplets rather 
than the sizes of the viruses themselves (Verreault et al., 2008). Solutes 
can be organic or inorganic substances, proteins, salts, etc., and higher 
concentrations of solutes enable more agglomeration upon evaporation 
of moisture to form larger particles. Water droplets of sizes as large as 
50 µm evaporate immediately upon expulsion into the air and can 
desiccate completely within 2–3 s, and a water droplet of 10 µm 
diameter evaporates within 0.5 s at 50% relative humidity (RH) at 293 K 
(Hinds, 1999). 
The size distributions of droplets generated from healthy people 
during breathing, coughing, sneezing, and speech and from those with 
respiratory infections range from submicrometer to several tens of mi-
crometers (Gralton et al., 2011; Fronczek and Yoon, 2015). The size 
distributions of viral aerosols generated from breathing and coughing by 
patients with various respiratory infections showed high similarities, 
and size proportions < 5 µm were dominant (Fennelly, 2020). Table 2 
shows studies on the particle size distributions of viral aerosols emitted 
during human respiratory activities or measured in hospitals. Most of 
these measurements were conducted by PCR rather than a growth 
technique because it is difficult to collect infectious airborne viruses 
effectively and without damage during sampling, in addition to the 
constraint that airborne virus concentrations are generally very low. 
Milton et al. (2013) observed from the coughing of people infected with 
seasonal influenza that particles of sizes 5 µm or less have 8.8 times 
more viral copies than those greater than 5 µm using a slit sampler with 
condensation and quantitative real-time PCR (qPCR) measurements. 
Viral RNAs were detected at size ranges of 0.65–4.7 µm and > 4.7 µm 
from approximately 80% and 58% of the participants (children and 
adults) with respiratory symptoms, respectively, through breathing and 
coughing (Gralton et al., 2013). 
Airborne viruses were also measured in a hospital having patients 
with respiratory infections. A significant number of infective particles in 
the air of pediatric wards and intensive care units with infants having 
respiratory syncytial virus infections had an aerodynamic diameter of 
4.7 µm or less (Binder et al., 2020; Hill et al., 2013; Kulkarni et al., 
2016). The particle size distribution of the SARS-CoV-2 RNAs measured 
at hospitals in Wuhan had two peaks at the size ranges of 0.25–1.0 µm 
and > 2.5 µm (Liu et al., 2020). On the other hand, in other hospitals, 
SARS-CoV-2 RNAs were found to have size ranges of 1–4 µm and > 4 µm 
when sampled with the National Institute for Occupational Hygiene 
(NIOSH) BC-251 samplers; however, no RNAs were found in the range of 
< 1 µm when sampled with polytetrafluoroethylene (PTFE) filters (Chia 
et al., 2020). 
In addition to the measurement of RNAs from collected airborne 
SARS-CoV-2 samples, the infectivity of the viral particles was investi-
gated (Binder et al., 2020; Santarpia et al., 2020; Dumont-Leblond et al., 
2020; Lednicky et al., 2020). Santarpia et al. (2020) collected air sam-
ples from the rooms of patients in a hospital and detected infectious 
SARS-CoV-2 virions in the size ranges of < 1 µm and 1–4 µm via growth. 
They used a NIOSH sampler with a gelatin filter in the final stage and 
observed intact viruses in the filter (<1 µm) using a transmission elec-
tron microscope (TEM). However, all viral cultures were negative for the 
air samples collected by gelatin filters for 6 or 18 h (Dumont-Leblond 
et al., 2020), which may be because gelatin filters normally maintain 
their moisture for a short period of time. Lednicky et al. (2020) suc-
cessfully detected infectious airborne SARS-CoV-2 (6–74 TCID50 per liter 
of air) using condensation-based samplers, which offer higher biological 
recovery for viruses compared to dry-phase samplers. Infectious influ-
enza viruses were found in cough aerosols, mostly in the aerodynamic 
particle size range of < 4 µm (75% from 1 to 4 µm and 20% from <1 µm) 
(Noti et al., 2012). The differences in these measurements may also be 
attributed to differences in the sizes of the generated viral particles 
and/or different air sampling and extraction methods used. 
2.4. Resistance of airborne viruses to environmental stress 
The stability of airborne viruses depends on environmental stresses 
such as temperature, RH, ROS, and UV light as well as the virus structure 
(Spieksma et al., 1997). Non-enveloped viruses, which do not have 
external lipid layers, usually have highly resistant capsid proteins to 
both solvents and hydrophilic disinfectants (Sakudo et al., 2011). Small, 
non-enveloped viruses are most stable and resistant to most disinfectants 
and environmental stresses, such as UV light (Fig. 4). Large, 
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Table 2 
Studies on the size distribution of human or naturally generated viral aerosols. PTFE: polytetrafluoroethylene; OPC: optical particle counter; LPM: liters per min; qPCR: 
quantitative (real-time) polymerase chain reaction; NIOSH: National Institute for Occupational Safety and Health; qRT-PCR: quantitative reverse transcription-PCR; 
ddPCR: droplet-digital-PCR; TCID50: fifty-percent tissue culture infective dose; PC: polycarbonates; TEM: transmission electron microscope.  
References Target Sampling Measurement  
Virus Generation or place Sampler Flow rate 
(LPM) 
Method & Result Comment 
(Fabian et al., 
2008) 
Influenza virus A 
(H3) & B 
Tidal breathing by 
patients 
PTFE filters 28.3 OPC 
0.3–0.5 µm: 70%; 
0.5–1 µm: 17%; 
1–5 µm: 13%; 
> 5 µm: < 0.1% 
qPCR 
Exhaled influenza RNA 
generation rate: 3–20 
RNA/min  
(Lindsley et al., 
2010) 







< 1 µm: 42%; 
1–4 µm: 23%; 
> 4 µm: 35% 
The viability of virus collected with the 
BioSampler was about 4 times higher 
than that with the NIOSH sampler (dry 
phase). 
(Milton et al., 
2013) 
Influenza virus A & 
B 




≤ 5 µm: 89.8%; 
> 5 µm: 10.2% 
About 50% of the infectious virus was 
lost during the concentration step. 
(Gralton et al., 
2013) 










Andersen sampler 28 RT-PCR 




0.65–4.7 µm: 81%; 
> 4.7 µm: 58%; 
(by coughing) 
0.65–4.7 µm: 82%; 
> 4.7 µm: 57%  
(Blachere et al., 
2009) 
Influenza A Emergency 
department of a 
hospital 
NIOSH sampler 3.5 qPCR 
< 1 µm: 4%; 
1–4 µm: 49%; 
> 4 µm: 46%  
(Leung et al., 2016) Influenza A Isolation rooms of 
patients in a hospital 
(Hong Kong) 
NIOSH sampler 3.5 # of RT-PCR positive 
samples 
< 1 µm: 0/5; 
1–4 µm: 1/5; 
> 4 µm: 4/5 
Influenza virus RNA recovery was 
associated with decreasing temperature 
and increasing relative humidity. 




Pediatric wards and 
intensive care units 
with infected babies 
(London) 
Andersen sampler 28.3 Plaque assay 
1.1–4.7 µm: 65–67% of 
total collected sample 
Detection of high virus concentrations 
may be due to suctioning of the 
endotracheal tube. 









Peak RNA concentration 
in the protective-apparel 
removal room (copies/ 
m3) 
0.25–0.5 µm: 40; 
0.5–1.0 µm: 9; 
> 2.5 µm: 7 
Re-aerosolization of submicron viral 
particles from clothing was assumed. 
(Chia et al., 2020) SARS-CoV-2 Infection isolation 
rooms of patients in a 
hospital (Singapore) 
NIOSH sampler 3.5 qPCR 
RNA concentrations 
(copies/m3) 
1–4 µm: 1384 & 916; 
> 4 µm: 2000 & 927 
The non-detection of virus in particles 
< 1 µm was assumed to be due to low 
extraction efficiency from filters 
compared with centrifuge tubes. 
(Binder et al., 
2020) 
SARS-CoV-2 Rooms of patients in 
a hospital (North 
Carolina) 
NIOSH sampler 3.5 # of qRT-PCR positive 
samples 
< 4 µm: 2/195; 
> 4 µm: 1/195 
No infectious virus was cultured from 
aerosol samples, which may be due to 
long-term (4 h) dry-phase sampling. 
(Santarpia et al., 
2020) 
SARS-CoV-2 Rooms of patients in 
a hospital (Nebraska) 
NIOSH sampler 
with a gelatin 
filter (<1 µm) 
3.5 Mean qRT-PCR 
equivalent TCID50/m3 
< 1 µm: 1.2–7.4; 
1–4 µm: 0.3–0.7; 
> 4.1 µm: 1.4–4.0 
# of significant viral 
growth sample (p-value) 
< 1 µm: 3/6 (p < 0.05); 
1–4 µm: 2/6 (p < 0.1); 
> 4.1 µm: 0/6 
Gelatin filter in the final stage of the 
sampler may help preserve intact virus 
(observed by TEM) during sampling. 
(Dumont-Leblond 
et al., 2020) 
SARS-CoV-2 Rooms of patients in 










(Sampling time: 6 h) 
Non-detection in SASS 3100 may be 
due to short sampling time (15 min), 
high sampling velocity, high-frequency 
(continued on next page) 
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non-enveloped viruses, such as rotaviruses, are less resistant and their 
larger size (70–100 nm) renders them more vulnerable to environmental 
stress. 
Influenza viruses and coronaviruses are typical examples of large 
enveloped viruses that are composed of capsid proteins surrounded by 
lipid bilayers containing surface proteins, which help in interactions 
with the host cells (Sakudo et al., 2011). The lipid layers of the envel-
oped viruses were susceptible to most disinfectants and UV light, and 
other physical and biological stress generated during aerosolization 
(using a Collison nebulizer) and sampling (AGI-30 liquid impinger) 
might affect the viruses in comparison with the MS2 viruses (Christo-
pher and GwangPyo, 2007). It was observed that coronaviruses (MHV: 
murine hepatitis virus) were more sensitive to 254 nm UV-C light than 
adenoviruses (Serotype 2) (only 12% of the coronaviruses survived after 
exposure to 0.599 mJ/cm2, whereas 33% of the adenoviruses survived 
after exposure to 2.608 mJ/cm2) (Christopher and GwangPyo, 2007). 
Although it is known that all pathogens require different UV-C irradia-
tion doses for successful inactivation, a family of enveloped viruses, such 
as the influenza virus (2 mJ/cm2), requires relatively low fluency of 
UV-C light (3–14 mJ/cm2) than a family of non-enveloped viruses, such 
as adenoviridae (98–222 mJ/cm2) and polyomaviridae 
(235–364 mJ/cm2) (Khalid Ijaz et al., 2020). 
RH and temperature are also main environmental factors that can 
affect the stability and viability of a virus in air. Previous studies sug-
gested that non-enveloped viruses are able to survive longer at high RHs 
(70–90%) while enveloped viruses survive longer at low RHs (<30%) 
(Božič and Kanduč, 2021); however, these observations are not always 
consistent. Moreover, enveloped viruses are observed to be more stable 
at low temperature and susceptible to damage at high temperature due 
to dysfunction of their phospholipid bilayers (Price et al., 2019). Tem-
perature above 60 ◦C can inactivate most DNA and RNA viruses 
although DNA viruses are more stable than RNA viruses. Surrounding 
materials such as mucus or saliva can also affect because they can pro-
vide insulation to viruses and prevent from drying under extreme 
environmental conditions (Tang, 2009). 
Viral infectivity can be expressed by the ratio of viral copies to PFUs, 
which can vary significantly depending on the type of virus, air sampler, 
environmental stress and culture conditions (Yang et al., 2011). For 
influenza viruses (H1N1 and H3N2) collected with air samplers, the 
ratios of 7.5 × 103–1.0 × 104 copies/PFU were reported and were 
higher for those collected in the nebulizer, that is before aerosolization, 
suggesting infectivity loss during aerosolization and sampling in addi-
tion to environmental stress (Bekking et al., 2019), which needs to be 
considered when assessing the effects of environmental stress on the 
stability of airborne viruses. 
2.5. Outdoor and indoor virus concentrations 
Studies on concentrations of airborne viruses are limited (Yang et al., 
2011; Prussin et al., 2014; Whon et al., 2012), and quantifying the total 
virus concentration in the air is challenging because effective capture of 
viruses from the air is difficult; further, viruses lack a conserved common 
gene that can be used for qPCR quantification, unlike bacteria (Prussin 
et al., 2015). Whon et al. collected viral aerosols using an impinger with 
a water jet pump and reported the seasonal fluctuations in outdoor 
concentrations of viruses, which ranged from 1.7 × 106 to 4.0 × 107 
viruses m− 3 in Korea with fluorescence staining and confocal laser 
scanning microscopy (Whon et al., 2012). 
The average concentration of airborne influenza A viruses collected 
indoors at a healthcare center and measured with qPCR during the 
2009–2010 flu season was 1.6 × 104 genome copies m− 3, equivalent to 
35.4 ± 21.0 TCID50 m-3 (Yang et al., 2011). The number of influenza A 
viruses exhaled by humans were measured to be less than approximately 
103 for 30 min (Milton et al., 2013). Airborne SARS-CoV-2 samples were 
collected from hospital rooms of infected patients using NIOSH BC-251 
samplers, and the total concentrations in air measured using qPCR 
varied between 1.84 × 103 and 3.38 × 103 RNA copies (virions) m− 3 
(Chia et al., 2020). Hu et al. (2020b) also collected aerosol samples from 
hospitals, university, hotels, residential communities, gardens, and 
greenways in Wuhan, China, using a centrifugal aerosol-to-hydrosol 
sampler with a 50% aerodynamic equivalent cut-off diameter of 
0.8 µm at 400 liters per minute (LPM) and performed analyses using 
PCR. The concentrations of SARS-CoV-2 in the positive samples 
collected from intensive care units and computerized tomography rooms 
were 1.11 × 103 to 1.12 × 104 RNA copies m-3 (Hu et al., 2020b). 
However, the samples collected from other areas of the hospitals, such as 
the rest areas and passageways, were all negative, which may be 
attributed to good ventilation (Hu et al., 2020a). The outdoor viral 
Table 2 (continued ) 
References Target Sampling Measurement  
Virus Generation or place Sampler Flow rate 
(LPM) 
Method & Result Comment 
Gelatin filter: 63.79 & 
208.33; 
PC filter: 9.86 & 335.42 
(Sampling time: 18 h) 
Gelatin filter: 23.25 & 
187.5; 
PC filter: 270.83 & 
514.17 
All viral cultures were 
negative. 
vibration, and exposure to detergent 
during the extraction.  
Fig. 4. Descending order of resistant pathogens (viruses, spores, fungi etc.) to UV light, which is one of the most common environmental stresses, and disinfectants. 
Image modified from Masri et al. (2013). 
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concentrations in the positive samples were smaller and varied from 
0.89 × 103 to 1.65 × 103 RNA copies m− 3 (Hu et al., 2020b). 
3. General measurement procedure of airborne viruses 
The measurement methods for bioaerosols can be largely divided 
into two groups. The first involves measuring the physical/biological 
information of the aerosols without air sampling, and the second in-
volves measuring such information following air sampling. In the former 
method, the auto-fluorescence spectra of microbial particles are 
commonly measured to enable real-time detection; however, this 
approach has a limitation that it is difficult to identify and quantitatively 
measure particular targets in the presence of non-targets. Moreover, this 
approach is not effective for detecting airborne viruses as the amount of 
fluorescence from viruses is usually very small compared to those from 
molds and bacteria. 
The latter method can be used for airborne viruses and involves two 
steps (Fig. 5). First, the viral aerosol particles need to be directly 
collected into liquids or onto solid surfaces before suspending the par-
ticles in liquids, which is called hydrosolization. Since most biological 
analysis methods, such as cultures, molecular microbiological analyses, 
and ELISA, are based on activity and reaction in the liquid phase, 
hydrosolization of the viral aerosols is essential. Measurement tech-
niques, including the growth technique, nucleic-acid-based techniques 
such as qPCR, and immunoassays such as ELISA, are subsequently 
applied to detect and/or quantify the viral particles. 
3.1. Enrichment strategies of viral aerosol particles 
Since the concentrations of viruses in air are generally very low, the 
measurement system needs effective concentration techniques for the 
viruses without causing physical/biological damage, and/or the LOD of 
the measurement system should be low enough to detect the virus 
concentration robustly and stably. The minimum detectable virus con-
centration in air is related to the enrichment ratio (ER) of a sampler and 
the LOD of the measurement system (Bhardwaj et al., 2020), which is 
given by the following formula: CV × ER ≥ LOD, where CV and LOD 
represent the detectable virus concentration in air (number of viruses or 
TCID50 cm-3) and LOD of a viral sensor (number of viruses or TCID50 





, where Q, 
η, Vm , and t represent the volume flow rate (cm3/min) of the sampler, 
overall physical collection and biological preservation efficiency from 
the air flow at the inlet to a sampling medium, volume of a sampling 
medium (mL), and sampling time (min), respectively, where the me-
dium can be either stagnant or flowing. 
The effective concentration can be obtained by adopting high ER 
values, that is, large flow rates, high overall physical collection and 
biological preservation efficiencies, small volume of sampling media, 
and long sampling periods; however, sampling with a large flow rate can 
diminish the biological preservation efficiencies of particular viruses in 
the case of inertia-based samplers (Hong et al., 2016). Moreover, the 
physical collection and biological preservation efficiencies may depend 
on the measurement technique to be used afterwards. For example, if a 
viral culture is used for quantification, the biological preservation effi-
ciency must be considered. However, when immunoassays are used for 
quantification, the biological preservation efficiencies for the particular 
proteins used in the assay must be considered. 
This enrichment method can be broadly divided into three types: gas 
phase, aerosol-to-hydrosol process, and liquid phase. One of the most 
common aerosol concentration methods in air is to use a virtual 
impactor, which separates the incoming aerosol particles into two 
channels, major and minor, depending on their sizes. Smaller particles 
follow the turning flow into the higher flow channel (major) and larger 
particles travel straight into the smaller flow channel (minor) because of 
their larger inertia, where the minor flow usually comprises ~10% of the 
inlet flow rate and the major flow comprises the other of the inlet flow 
rate. Most of the larger particles can be guided into the minor flow to 
increase the airborne particle concentration in the minor flow channel, 
usually by approximately 100 times or more using two stages (Ho, 
2011). However, the overall efficiency to transfer aerosol particles from 
the nozzle inlet to the minor flow channel and the ER decrease as the 
particle size decreases. 
The next method to increase airborne particle concentration in the 
collection medium involves guiding the airborne particles into a small 
amount of the medium (Hong et al., 2016; Kim et al., 2020a). Hong et al. 
(2016) presented the electrostatic aerosol-to-hydrosol concentration of 
airborne viruses onto stagnant 0.5 mL media, and the ER can increase to 
450,000 at a flow rate of 12.5 LPM for 60 min. 
Fig. 5. General procedures of airborne virus measurements: sampling and identification.  
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Particle enrichment can also be performed after collection into the 
sampling medium to increase the sample concentration. Specifically, AC 
electrokinetic methods such as electroosmosis and dielectrophoresis 
(DEP) have attracted much attention for concentrating specific particles 
prior to detection (Han et al., 2018, 2019). A more detailed review of 
this topic is available elsewhere (Salari and Thompson, 2018). Kim et al. 
(2020b) employed an enrichment technique with Concanavalin 
A-coated magnetic particles, which can adsorb particular terminal car-
bohydrates of viruses and bacteria, for air-sampled biological particles. 
4. Air samplers 
The ideal microbial air sampler should be able to collect represen-
tative biological particles of all sizes in a particular space without loss of 
microbial status and physical collection of microorganisms. The sampler 
should also be compatible with subsequent microbial analyses. Rapidity 
(or high sampling flow rate), portability, and high values of ER are also 
some of the other required properties. However, the present microbial 
air samplers meet only some of these requirements based on sampling 
principles, and these requirements are often contradictory to each other 
considering that viral concentrations in air are very low. For example, 
high flow-rate operation is desired for surveillance of large volumes of 
air for many cases, and if the sampling flow rates are high enough to 
ensure high enrichment and rapid sampling, as in conventional inertia- 
based samplers such as impactors, the viral aerosol particles may be 
damaged, and it may be difficult to conduct rapid or on-site analyses. If 
the sampling flow rate is decreased to reduce damage to the collected 
airborne microbial particles, sampling large volumes within a given 
period would be difficult, thereby disabling certain applications. In the 
inertia-based samplers, the physical collection efficiency generally de-
creases as the flow rate decreases; the physical collection also depends 
significantly on particle size, so particles of all sizes cannot be equally 
collected. Portability can also provide flexibility with respect to the 
measurement location despite less sampling flow rate and reliable 
measurements considering that the aerosol densities of bioaerosols are 
not uniform even in a small room, thus resulting in different results 
depending on the location of the sampler. Therefore, it may be desirable 
or realistic to make meaningful sampling by prioritizing the parameters, 
e.g., particle size range, flow rate, sampling time, physical collection 
efficiency, portability, biological preservation, and ER, according to the 
measurement objectives. 
In this section, we introduced several air sampling technologies that 
have attracted attention, such as condensation-based sampling and 
electrostatic particle concentrator, as well as traditional sampling 
techniques, such as filters, impactors, impingers, and electrostatic pre-
cipitators (ESPs), to collect airborne viruses. Although the US NIOSH has 
recommended Andersen samplers for bacterial and fungal sampling, 
there are no standard sampling methods for airborne viruses (Rahmani 
et al., 2020). Fig. 6 and Table 3 show the air samplers that have been 
used in viral aerosol studies and their characteristics, respectively. The 
measurement of artificially generated viral aerosols and the causes 
affecting the physical/biological efficiencies in the samplers are also 
reviewed (Table 4). 
4.1. Air samplers: impactors and impingers 
In impactors, the airborne particles are accelerated through a nozzle 
by a vacuum pump and collide with the collection plate, which typically 
consists of a filter material or agar plate, via deviating streamlines owing 
to their large momenta (Marple and Willeke, 1976; William et al., 2017). 
If the plate is a filter, it can be washed after sampling, and the washed 
solution can be analyzed (Appert et al., 2012; Alonso et al., 2017). If the 
collection plate incorporates agar, it may be either washed to collect the 
particles for further analysis (Zhao et al., 2014) or transferred directly to 
an incubator, thereby simplifying the process and reducing sample los-
ses (Tseng and Li, 2005). 
Impaction-based samplers are widely used for sampling large-sized 
bioaerosols, such as bacteria and fungi, because the collection effi-
ciencies for such particles are high and these devices are relatively easy 
to use. The collection efficiency of the sampler is a function of the Stokes 
number (Stk), which is proportional to the square of the particle diam-
eter, particle density, and nozzle velocity and inversely proportional to 
the nozzle diameter. Larger particles with higher Stokes numbers adhere 
to the collection plate while the smaller particles flow along the 
streamline and exit without collection. The particle size at which 50% 
collection efficiency is obtained is called the cut-off diameter (d50). In 
general, the smallest cut-off diameter of an impactor is known to be 
about 0.2–0.3 µm, which is sufficient to sample airborne bacteria but 
insufficient to sample single virus particles. Impactors with smaller 
nozzle diameters for higher acceleration enable collection of smaller 
particles (Marple and Willeke, 1976), but such impactors are difficult to 
manufacture and the resulting sonic flow may damage the virus particles 
(Pan et al., 2019). Bioaerosol particles undergo mechanical impact with 
the collection plates in these samplers, which can affect their biological 
intactness and hence their detection. For example, the integrity of a 
virus can be damaged by high shear forces and dehydration during 
impaction (Zhao et al., 2014). 
The sampling mechanism of an impinger is similar to that of the 
impactor, and the primary difference between these devices is that the 
collection place of the impactor is replaced with a liquid reservoir in the 
impinger. One of the advantages of using an impinger is that it shows 
good biological recovery compared to the impactor; hence, the 
Fig. 6. Schematics of several air samplers used in studies on airborne viruses (Pan et al., 2019).  
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BioSampler®, which is one of the most extensively used impingers, is 
now considered as the reference bioaerosol sampler, although impingers 
show low physical collection efficiencies for small particles like viruses. 
The physical collection efficiencies of viral aerosol particles of diameter 
30–100 nm are lower than 50% (Hogan et al., 2005; Li et al., 2018). In 
addition, considering that long-term sampling deteriorates the collec-
tion efficiency of bacteria and exerts stress on the bacteria because of 
liquid loss and re-aerosolization during sampling (Chang and Chou, 
2011; Rule et al., 2007; Zhen et al., 2013), similar effects can be assumed 
for airborne viruses as well. 
4.2. Air sampler: cyclones 
A cyclone usually comprises a conical-shaped body and tangentially 
installed flow inlet. Similar to the impactor, particles larger than the cut- 
off diameter deviate from the curved streamlines and impact with the 
collection wall. Conventional cyclones are mainly designed to collect 
large particles with high flow rates, and their collection efficiencies are 
slightly lower than those of impactors. For conventional single cyclones, 
which have air flow rates of the order of hundreds to more than thou-
sands of LPM, the collection efficiency of PM10 (particulate matter with 
aerodynamic diameters less than 10 µm) is 30–90% and that of PM2.5 
(particulate matter with aerodynamic diameters less than 2.5 µm) is 
0–40% (Cooper and Alley, 1986); therefore, cyclone samplers alone may 
not be sufficient for collecting viral aerosols effectively. 
The NIOSH developed a portable two-stage dry cyclone sampler with 
an embedded filter (Lindsley et al., 2006). The first and second stages of 
the sampler collected non-respirable particles larger than 4 µm and 
those between 1 and 4 µm, respectively; the PTFE filter in the third stage 
collected particles smaller than 1 µm, and the collected particles were 
eluted thereafter. The NIOSH cyclone (NIOSH-251) was used to collect 
airborne murine norovirus (MNV) and influenza viruses at 3.5 LPM 
(Bekking et al., 2019; Boles et al., 2020). It collected a significantly 
lower RNA concentration of the MNV than the SKC BioSampler; how-
ever, there were no significant differences in the relative concentrations 
of MNVs with intact capsids between the two samplers (Boles et al., 
2020). Infectivity losses of influenza viruses were also observed during 
aerosolization and sampling (Bekking et al., 2019). 
A wet cyclone collects aerosol particles onto a liquid film flowing 
along the interior wall; this device has been used to collect several 
airborne viruses, including influenza viruses at flow rates of about 100 
LPM (Alonso et al., 2015) and foot-and-mouth disease virus (FMDV) at a 
flow rate of 300 LPM (Brown et al., 2021). The FMDVs were nebulized at 
three concentrations (102, 104, and 106 TCID50 mL-1) but were not 
detected at a concentration of 102 TCID50 mL-1, implying that this 
sampler may not be effective for detecting small virus concentrations. 
4.3. Air sampler: filter-based samplers 
Generally, filtration is a common method of removing PM from air. 
Filters have the lowest removal efficiencies at particle diameters of 
0.2–0.5 µm, and the physical collection efficiencies of most high- 
efficiency particulate air (HEPA) filters are usually greater than 95% 
for a wide range of particle sizes. Filters are convenient to use and can be 
used for air sampling; however, dehydration of filters during sampling 
and the extraction process affect their biological recovery significantly. 
The most commonly used filter for sampling viral aerosols is the 
gelatin filter (Zhao et al., 2014; Li et al., 2018), which can be easily 
dissolved in a culture medium to allow gentle transition from gas to 
liquid phase after capturing the virus. However, gelatin filters have been 
recommended for sampling with short periods to prevent dehydration 
(Li et al., 2018; Fabian et al., 2009). Airborne infectious bursal disease 
viruses (diameter: 60–90 nm) were collected using MD8 with gelatin 
filters for 2 min at 30 LPM, where the physical collection efficiency was 
~100% (Zhao et al., 2014). Sampling with a gelatin filter was reported 
to be stable for 3 min at 2 LPM, and higher flow-rate operations created 
large fluctuations in the physical collection efficiencies (Li et al., 2018). 
The SARS-CoV-2 virus was also collected using gelatin filters at 5 and 9 
LPM for several hours or more, and qPCR was used for RNA quantifi-
cation (Liu et al., 2020). 
4.4. Air sampler: water-condensation-based samplers 
Impactors and impingers are generally unable to collect viral aerosol 
particles effectively because of the small sizes. A water-based laminar- 
flow condensational growth tube collector (GTC, also called VIVAS or 
viable virus aerosol sampler) can enlarge the incoming small particles by 
passing them through a cold wall (called the conditioner) and a subse-
quent high-temperature wall (called the initiator) via water condensa-
tion to collect the resulting enlarged particles by impaction. The larger 
the temperature difference, the more is the condensation, which can 
increase the physical collection efficiency; however, high-temperature 
operation at the initiator can damage the viruses to be collected (Pan 
et al., 2016; Lin et al., 2018). These samplers were developed to collect 
Table 3 
Air samplers used in studies on airborne viruses and their characteristics. PTFE: polytetrafluoroethylene; PC: polycarbonates.   
Filters Impactors Impingers Cyclones Electrostatic samplers Condensation-based 
samplers 
Main principle  • Interception  
• Inertial impaction  






impaction on a 
solid surface  
• Inertial 
impingement on 
a liquid surface  
• Centrifugal & inertial 
impaction on a liquid 
(wet type) or solid 
(dry type) surface  
• Electrostatic attraction 
of pre-charged parti-
cles on a liquid (wet) 
or solid (dry) surface  
• Size increase via 
condensation and then 
impaction or 
impingement on a liquid 
(wet) or solid (dry) surface 
Devices  • PTEF, PC filters  
• Gelatin filters  
• Slit sampler  
• Andersen 
sampler  
• AGI-30  
• SKC BioSampler  
• Dry/wetted-wall 
cyclone sampler  
• Large volume sampler 
(LVS)  
• BioSpot-VIVAS 
Advantages  • Simplicity  




• High flow rate  
• Relatively high 
biological 
recovery  
• High flow rate  • High collection 
efficiency over a wide 
range of particle size  
• High collection efficiency  
• High biological recovery 
Disadvantages  • Desiccation of 
samples  
• Incompatibility with 
viability analysis  
• Low efficiency 
for submicron 
particles  
• Low biological 
recovery  
• Low efficiency 
for submicron 
particles  
• Fragile container  
• Low efficiency for 
submicron particles  
• Relatively low 
biological recovery  
• Low sampling flow 
rate  
• ROS generation  
• Low sampling flow rate  
• Bulkiness and complexity 
Main sources of 
damage and 
viability losses  
• Dehydration and 
desiccation of 





• High impaction 
of biological 
particles  
• High impaction of 
biological particles  
• High electric field 
intensity and corona 
charging  
• High temperature during 
sampling  
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Table 4 
Studies on the measurement of artificially generated viral aerosols. FFU: focus forming unit; PFU: plaque forming unit; FI: fluorescence intensity; LPM: liters per 
minute; qPCR: quantitative (real-time) polymerase chain reaction; qRT-PCR: quantitative reverse transcription-PCR; TCID50: fifty-percent tissue culture infective dose; 
MMD: mass median diameter; PC: polycarbonates; PTFE: polytetrafluoroethylene; ESP: electrostatic precipitator; NW: nanowire; FET: field effect transistor; LOD: limit 
of detection; CMD: count median diameter; EID50: fifty-percent egg infective dose; GTC: growth tube collector; TCI: Tisch cascade impactor; NIOSH: National Institute 
for Occupational Safety and Health; ROS: reactive oxygen species.  
Sampler References Virus Size Flow rate 
(LPM) 





et al., 2009) 
Influenza virus 
(H1N1) 














Teflon filter: 0.15–0.43; 
Gelatin filter: 0.11–0.19 
Liquid-based samplers 
preserved better virus 
infectivity than dry-media 
samplers. 
Impactor (Appert 










Relative recovery ([Virus/ 
FI]collected /[Virus/FI]initial) 
Andersen: 0.04–0.22; 







et al., 2014) 
MS2 
bacteriophages 














Relative efficiency (PFUtest 
sampler/PFUBioSampler) 
BioCapture 650: 0.72; 
XMX-CV: 0.20; 
Coriolis FR: 0.70; 
SASS 2300: 0.64; 
SASS 3100: 0.01; 
Gelatin filter: 1.06; 
ESP: 0.03 
Relative efficiency (qPCRtest 
sampler/qPCRBioSampler) 
BioCapture 650: 0.69; 
XMX-CV: 0.16; 
Coriolis FR: 0.50; 
SASS 2300: 0.57; 
SASS 3100: 0.62; 
Gelatin filter: 0.22; 
ESP: 0.30 
Dry-phase samplers 


























0.61 ± 0.30; 
AGI-30: 0.68 ± 0.25; 
OMNI-3000: 0.23 ± 10; 
Gelatin filter: 1 
The tested virus seems to be 
more resistant to 
dehydration stress than shear 
stress. 
Impactor (Alonso 








RT-PCR Log10 RNA copies/m3 
(H1N1) 
Andersen Sampler: 5.7–6.3; 
TCI: 5.4–6.3 
(PRRSV) 
Andersen Sampler: 7.8–8.2; 
TCI: 6.8–8  
Impinger; 
Filter 

















Gelatin filter: < 0.00047; 
Glass fiber filter: < 0.00031 
Extracting process from glass 
fiber filters may deactivate 
the viruses. 









Total viral particles per liter 
of sampled air 
Cyclone: 2.4 × 104; 
BioSampler: 2.6 × 104 
Virus infectivity in the 
cyclone was 34% of that in 
the BioSampler. 
Cyclone (Boles et al., 
2020) 








Airborne viral concentration 
(RNA copies/m3) 
NIOSH: 
1.16 × 104–1.66 × 104; 
BioSampler: 4.75 × 104 
–8.78 × 104  
Filter (Verreault 
et al., 2010) 




MMD (μm), Phi 
X 174: 1.3; 
Lactococcus 
virus P008: 1.7 




(Phi X 174) 
PC filter: 0.06–0.15; 
PTFE filter: 0.02–0.04 
(Lactococcus virus P008) 
PC filter: 0.3–1.7; 
PTFE filter: 0.3–1.4 
Relative recovery  
(continued on next page) 
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small virus particles while maintaining viability because the enclosing 
water droplet enables gentle collection (Pan et al., 2016; Lednicky et al., 
2016). However, its relatively low flow rate for condensation and 
bulkiness (considerable size and weight) are the current limitations (Pan 
et al., 2019). The GTC showed more than 10 times higher collection 
efficiency for the MS2 bacteriophages and 7 times higher collection ef-
ficiency for the influenza A viruses than the BioSampler (Pan et al., 
2016; Lednicky et al., 2016); it has also been used to isolate several 
viable viruses, such as influenza viruses and coronaviruses (HCoV-229E) 
at a student healthcare center (Pan et al., 2017) and viable SARS-CoV-2 
in a hospital room with patients (Lednicky et al., 2020). 
Direct mixing of the particles with supersaturated water vapor can 
also increase the sizes of the aerosols. Oh et al. (2010) developed a 
mixing-type bioaerosol amplification unit (mBAU) to mix the incoming 
aerosols with hot-water-saturated air, and the number of viable MS2 
bacteriophages was reported to increase by 2–3 times after passing 
through the mBAU. Lin et al. (2018) developed a steam-jet aerosol 
collector (SJAC) for bioaerosol collection, where the incoming aerosols 
were mixed with hot steam to achieve supersaturated conditions and 
condensational growth. The SJAC combined with the BioSampler 
showed 22 times more viable MS2 bacteriophages than the BioSampler 
alone (Lin et al., 2018). 
4.5. Air sampler: electrostatic samplers 
In the ESP, airborne particles gain electrical charge via unipolar 
charging, and the charged particles migrate to an electrically biased 
collection surface via electrostatic forces. Since airborne particles 
Table 4 (continued ) 
Sampler References Virus Size Flow rate 
(LPM) 
Method Result Comments on viral damage 
(PFUcollected /PFUinitial) 
(Phi X 174) 
PC filter: 0.00005–0.0002; 
PTFE filter: 
0.00005–0.00015 
(Lactococcus virus P008) 
PC filter: 0.00005–0.023; 
PTFE filter: 0.002–0.008 




N/A 12.5 Plaque assay Factor multiplying collection 
efficiency (PFUon/PFUoff) 
1.08–2.22 
The collection efficiency was 
highest for a saturated air 
temperature of 65 ◦C. 




N/A GTC: 7; 
BioSampler: 
12.5 
Plaque assay Concentration in air (PFU/L) 
GTC: 1721; 
BioSampler: 12.4 
Viable MS2 concentration 
decreased when initiator 
temperature increased to 
60 ◦C. 
Condensation (Lednicky 













VIVAS: 0.74 ± 0.12; 
BioSampler: 0.056 ± 0.03 
Collection efficiency 
decreased with the loss of 
virus viability during the 
collection process in the 
BioSampler. 













Percent infectivity increased 
as the particle diameter 
increased. 




N/A GTC: 7; 
BioSampler: 
12.5 




The collection efficiency 
increased with relative 
humidity. 




N/A 12.5 Plaque assay Viral aerosol collection 




Viral aerosol collection 
enhancement factor 
decreased when mixing 
reservoir temperature 
increased to 50 ◦C. 




N/A 5 Si-NW FET Detection range (gene 
copies/µL) 
1.8 × 104 – 7 × 107 
LOD of < 104 viruses per 
liter of air 




Mode: 36 nm 1.2–12.5 PFU; 
qPCR 




ESP: 0.975 (− 2 kV); 
BioSampler: 0.794 
(T3) 
ESP: 0.666–0.943 (− 2 kV); 
BioSampler: 0.001–1.12 
The recovery rate decreased 
with sampling velocity in the 
BioSampler. 
ESP (Ladhani 
et al., 2017) 
Influenza virus 
(H1N1 & H3N2) 




process was required to 
obtain high collection 
efficiency. 
ESP (Bhardwaj 
et al., 2020) 
Influenza virus 
(H1N1) 
Mode: 36 nm 1.2 Electrochemical 
paper sensor 
Detection limit (PFU/mL) 
2.13 
ROS in the ESP damaged 
hemagglutinin of the viruses. 










229E: 109 nm; 
Influenza virus 
H1N1 & H3N2: 
95 nm 
4–10 qRT-PCR Total enrichment capacities 
2.4 × 106–3.0 × 106 
Higher aerosol-to-hydrosol 
enrichment capacities were 
obtained for lower aerosol 
concentrations.  
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generally have natural charge distributions for each size with a median 
value of zero according to the Boltzmann distribution, it is difficult to 
efficiently collect them without artificial unipolar charging. In such 
cases, a corona discharger is commonly used and generates a large 
amount of unipolar (positive or negative) ions via a nonuniform elec-
trostatic field. 
Recently, studies on electrostatic samplers are being actively con-
ducted because of their advantages such as high collection efficiency for 
particles of the order of submicron to tens of micrometers and ability to 
concentrate particles in a small amount of liquid (Bhardwaj et al., 2020; 
Hong et al., 2016; Kim et al., 2020b; Ladhani et al., 2017). Moreover, 
they show lower impaction stress on the bioaerosol particles and lower 
pressure drop. However, such samplers are still subject to some prob-
lems: ozone and ROS emissions, low collection efficiency at high flow 
rates and/or small collection areas, charger degradation during the 
sampling process, and difficulty in charging nanometer-sized particles. 
ROS emission is an important issue and can inactivate microorganisms 
collected on the electrostatic sampler (Bhardwaj et al., 2020; Zukeran 
et al., 2018). The U. S. Food and Drug Administration (FDA) requires 
that ozone emission should be lower than 50 parts per billion (Han et al., 
2017). Moreover, high electric fields must be applied, and the charging 
conditions can vary depending on temperature and RH, thus making 
standardization difficult. 
Dybwad et al. (2014) evaluated nine air samplers, including an ESP 
with a flow rate of 540 LPM, for sampling MS2 bacteriophages. The ESP 
showed a biological collection efficiency (based on PFU) of 0.03 and 
physical collection efficiency (based on qPCR) of 0.3 relative to the 
BioSampler. The low biological recovery was due to dry phase sampling 
in the ESP. Ladhani et al. (2017) developed an ESP for point-of-care 
applications and collected aerosolized submicron-sized influenza A vi-
ruses. The collection efficiency (based on qPCR) relative to a gelatin 
filter varied from 4.24% to 47% at a flow rate of 6.8 LPM. To increase the 
collection efficiency, additional wiping and rinsing processes were 
required to extract the viruses adhering to the collector surfaces. A 
portable electrostatic particle concentrator (EPC) was also presented for 
concentrating submicrometer MS2 and T3 bacteriophages in 0.5 mL 
phosphate buffered saline (PBS) on the small collection electrode at a 
flow rate of 1.2–12.5 LPM (Hong et al., 2016); its collection efficiencies 
based on the inlet and outlet concentrations were over 99% for 
0.05–2 µm polystyrene particles at 1.2 LPM, and the MS2 and T3 con-
centrations were 10 times higher than those for the BioSampler. The 
viable concentration of the fragile T3 viruses was 982 times higher in the 
EPC than the BioSampler; this result was attributed to the significantly 
lower sampling velocity in the EPC. The EPC was further evaluated for 
sampling aerosolized submicron influenza A H1N1 virus particles and 
subsequent detection using an electrochemical paper-based sensor 
(Bhardwaj et al., 2020). It was found that high electric fields resulted in 
direct and indirect peroxidation of the lipids and hemagglutinin proteins 
on the viruses; however, the antigenicity of NPs of the viruses was 
preserved, and a 160 times higher virus concentration was obtained 
after 60 min of sampling compared to the BioSampler. Electrostatic 
virus collectors were also used to extract the RNAs of the coronavirus 
229E and influenza viruses (H1N1 and H3N2) using PCR at 4–10 LPM 
(Kim et al., 2020b); these collectors were further developed to work at 
higher flow rates of up to 100 LPM and collection efficiencies of 70–80% 
at − 10 kV using a larger collection area (Kim et al., 2021). Ascorbic acid 
added into sampling media was observed to reduce virus damage caused 
by electrostatic sampling (Piri et al., 2021). 
5. Virus measurements 
5.1. Classification of measurements of viral aerosol particles 
Viral aerosols are usually detected and/or measured using the 
growth method, nucleic-acid-based techniques, or immunoassays. The 
growth techniques can detect only viable viruses, but immunoassays can 
detect not only viable viruses but also non-viable viruses by identifying 
specific intact proteins. The choice of the measurement method depends 
strongly on the extent to which the viruses are damaged. In fact, envi-
ronmental stress such as ambient temperature and humidity, ROS, and 
UV light, as well as aerosol generation and sampling can cause physical 
and biological damage to certain parts of the viruses, e.g., nucleic acids 
and surface/inner proteins, resulting in loss of viability (Christopher and 
GwangPyo, 2007; Bekking et al., 2019; Sagripanti and Lytle, 2020). 
The measurement methods for viral aerosols are usually categorized 
according to the specific states of the viruses, such as plaque forming 
viruses, non-plaque forming infectious viruses (infectious viruses but fail 
to generate plaques sometimes), dead-but-intact viruses (cannot 
multiply but possess intact DNA/RNA or proteins), and dead-and-not- 
intact viruses (cannot multiply without intact DNA/RNA or proteins).  
Table 5 shows the classification for detection of viral aerosols, and  
Table 6 shows some studies on viral aerosols involving both samplers 
and measurement systems. 
5.2. Plaque and fifty percent tissue culture infective dose (TCID50) assays 
The culture-based plaque and TCID50 assays are gold standard and 
traditional methods for quantifying the concentration of infectious vi-
ruses (or infective dose). The plaque assay is a microbiological assay 
based on the viral plaques formed via the cytopathic effect, or 
morphological changes in host cells due to viral infection. The plaque 
assay first requires inoculation with an infectious virus, propagation, 
and then plaque counting. Visible plaques generally form within 2–14 
days depending on the host cell and growth of the virus (Baer and 
Kehn-Hall, 2014), which makes the process time intensive. For bacte-
riophages, the process requires 12–24 h, but for some animal viruses, a 
longer time is required. The plaque assay can significantly underesti-
mate the total concentration of the virus in air because there are only a 
small amount of viable viruses among the viruses in air and all viable 
viruses cannot generate plaques (Blais-Lecours et al., 2015). The TCID50 
assay is a widely used method to quantify the infectious dose of viruses 
required to kill 50% of inoculated tissue culture cells. This can be used 
for infectious virus that fails to generate plaques sometimes. In fact, it 
was reported that about 90% of influenza A viruses are capable of 
infecting cells or causing cell death but do not form plaques using 
traditional assays (Brooke, 2014). 
5.3. Nucleic-acid-based amplification method 
Nucleic-acid-amplification assays like PCR have been used in most 
studies on the measurement of airborne viruses because these viruses are 
subject to damage during transmission through the air and sampling, 
especially in inertial samplers, and exist in very small quantities. PCR is 
currently the gold-standard method for measuring viruses in clinical and 
air samples, and it is the most effective method for detecting low con-
centrations of viruses. PCR can detect 4–8 copies of the SARS-CoV-2 
within a 95% confidence interval (Rahmani et al., 2020). 
PCR detects and amplifies a particular DNA sequence from the 
collected viral samples and involves an initial denaturation, 20–40 cy-
cles of denaturation, annealing, and extension (King et al., 2020). 
Reverse transcription PCR (RT-PCR) requires mRNA as the starting 
material and converts this mRNA into complementary DNA (cDNA) 
using reverse transcriptase (Mo et al., 2012). Then, the cDNA is ampli-
fied using conventional PCR. This process is complicated and time 
consuming for RNA viruses because it requires the additional step of 
cDNA template synthesis using RT-PCR (Bhardwaj et al., 2021). The 
qPCR is similar to conventional (qualitative) PCR but requires a 
nonspecific dye, such as SYBR® green dye, for real-time quantification 
of the dsDNA PCR product (Gupta, 2019). PMA-qPCR can also be used to 
differentiate between intact and membrane-compromised viruses using 
RNA/DNA intercalating propidium monoazide (PMA) dye, which can 
penetrate the viruses with damaged capsids (Bonifait et al., 2015). 
J. Bhardwaj et al.                                                                                                                                                                                                                               
Journal of Hazardous Materials 420 (2021) 126574
13
PCR is highly sensitive and can distinguish targets at the species 
level, but it requires a time-consuming nucleic-acid extraction process 
that may require up to 2–3 h for detection, in addition to the sampling 
time (< 30–60 min), cannot distinguish between infectious and non- 
infectious viruses, and is susceptible to sample contamination and 
RNA/DNA losses, which can underestimate the actual viral concentra-
tion (Xu et al., 2011). Another limitation of PCR amplification is that the 
samples can contain compounds, such as humic acid, high concentra-
tions of non-target DNA, and organic compounds (Oppliger et al., 2011; 
Schrader et al., 2012) that are typically present in air samples and can 
hinder PCR amplification. Hence, intervention by PCR inhibitors should 
be evaluated before using PCR for air samples. For example, ethyl-
enediaminetetraacetic acid (EDTA), which may be present in the sub-
strate cleaning solutions of impactors, inhibits PCR amplification; 
therefore, the concentration of EDTA should be reduced before PCR 
amplification (King et al., 2020). 
A few studies have attempted an integrated detection system with air 
samplers for rapid on-site detection. Usachev and Agranovski (Usachev 
and Agranovski, 2012) detected T4 bacteriophages using personal air 
samplers integrated with qPCR by loading all the reagents into collection 
media before qPCR without need for RNA purification. The total mea-
surement time including sampling was 70 min (sampling: 10 min and 
qPCR: 1 h), and the LOD was 24 PFUs per reaction. Agranovski et al. 
(2017) developed a miniature real-time PCR-based portable bioaerosol 
monitoring system; this system can detect within 30–80 min on-site for 
aerosol particles larger than 0.2 µm, and the PCR analysis commenced 
after certain abnormal signals were observed. Kim et al. (2020b) 
developed an integrated system of electrostatic sampling and qPCR 
detection, which was used for detection of airborne coronaviruses and 
influenza viruses along with high viral enrichment. 
Several isothermal nucleic-acid-based assays, such as the simple 
amplification-based assay (SAMBA), loop-mediated isothermal amplifi-
cation (LAMP) assay, and nucleic acid sequence-based amplification 
(NASBA), have been developed to improve the sensitivity and decrease 
the assay time and cost of conventional RT-PCR (Fig. 7). LAMP is one of 
the most commonly used isothermal techniques because it can be per-
formed without a commercial thermocycler in less time (~30 min), and 
it can be integrated with different (colorimetric, luminometric and 
fluorescent) readouts (Khan et al., 2020). RT-LAMP (for RNA viruses) 
based portable system was used for detection of SARS-CoV-2 in clinical 
samples using a cartridge and smartphone based optical reader without 
any extra equipment for sample preparation, mixing, and amplification 
(Ganguli et al., 2020). However, very few studies have considered 
integration with air samplers (Agranovski et al., 2017; Usachev et al., 
2012). Recently, a three-dimensional paper-based RT-LAMP method 
was used for detection of airborne influenza H1N1 viruses using VIVAS 
(Jiang et al., 2021). This integrated device detected the viruses in 
50 min after 15 min sampling, and the LOD was 1 TCID50/140 µL. The 
collection paper pad was removed from VIVAS after sampling for RNA 
enrichment and amplification via RT-LAMP. 
5.4. Immunoassay 
Immunological assays are based on the binding of (polyclonal or 
monoclonal) antibodies specific to their target analytes (surface proteins 
and/or polysaccharides) and can be used for detection of bioaerosols. 
Immunoassays such as ELISA and radioimmunoassay (RIA) have been 
used for rapid, selective, and sensitive quantification of viruses in 
Table 5 
Classification of detection methods that can be used for viral aerosols. TCID50: fifty-percent tissue culture infective dose, qPCR: quantitative polymerase chain reaction, 
ELISA: enzyme-linked immunosorbent assay, RIA: radio immunoassay, MALDI-TOF: matrix assisted laser desorption/ionization time-of-flight, ATP: adenosine 
triphosphate, PMA: propidium monoazide, QCM: quartz crystal microbalance, SPR: surface plasmon resonance, FET: field effects transistor, UVAPS: ultraviolet 
aerodynamic particle sizer, NADH: nicotinamide-adenine dinucleotide.  
Detection method Type of detection Specific to state of virus Limitation Comments References 
Culturing 
techniques 
Plaque Only plaque forming virus Specific culture conditions 
necessary; cannot be used for non- 
infectious viruses  
(Brooke, 2014) 
TCID50 Both plaque forming and non- 
plaque forming infectious viruses 
Molecular qPCR, droplet digital 
PCR, Isothermal PCR 
techniques 
Plaque forming, non-plaque 
forming, and dead viruses (with 
intact DNA/RNA) 
Quantification may be highly 
affected by contamination, nucleic 
acid extraction and improper 
sampling; time consuming  
(Kim et al., 
2021; Sharma 
Ghimire et al., 
2019) 
PMA-qPCR Differentiate intact from 
compromised virions 






ELISA Both plaque forming and non- 
plaque forming infectious virus. 
Dead virus and specific protein of 
a virus 
Time consuming; knowledge about 
specific antibodies 
No report on viral aerosols yet (Ghosh et al., 
2015b) 
RIA Specific chemical labeling 
Neuraminidase (NA) 
activity 
Both plaque forming and non- 
plaque forming infectious viruses 
NA activities are present for several 
viruses including influenza A, B, 
parainfluenza, and rubella viruses. 
Environmental stresses affect NA 
activity. 
A commercialized kit is for 
influenza viruses only. 




QCM, SPR, FET, 
Electrochemical 
sensors 
Both plaque forming and non- 
plaque forming infectious 
viruses. Dead viruses with intact 
protein or RNA/DNA 
Surface protein based affinity 
sensors can fail to detect when the 
surface proteins of target viruses are 
degraded or damaged.  
(Bhardwaj et al., 
2020) 
Microscopy Electron microscopy Both plaque forming and non- 
plaque infectious forming 
viruses. Dead viruses (with and 
without intact DNA), cell 
fragments or proteins  
No reports on viral aerosol 
detection 





Flow cytometry (Lippe, 2018) 
Mass spectrometry MALDI-TOF plaque forming and non-plaque 
forming infectious viruses, dead 
and fragments 
Compounds less than 600 Da in size 
cannot be detected 
No reports on viral aerosol 
detection 
(Cardozo et al., 
2020) 
Optical ATP bioluminescence Cannot be used for any state of 
viruses 
applicable to bacteria, fungi, and 
mycoplasma 
This method is based on auto- 
fluorophores of bio-particles 
such as NADH etc., and 
metabolic activity markers such 
as ATP. 
(Yoon et al., 
2019; Su et al., 
2020) UVAPS Cannot be used for virus 
detection 
Only applicable to viable bacteria & 
fungi  
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Table 6 
Conventional and advanced methods for detection of viral aerosols. UTM: universal transport medium, NIOSH: National Institute for Occupational Safety and Health, 
G-II: Gesundheit-II, qPCR: quantitative polymerase chain reaction, ddPCR: droplet digital polymerase chain reaction, PFU: plaque forming units, NP swabs: naso-
pharyngeal swab, PBS: phosphate buffered saline, VTM: viral transport medium, HBSS: Hanks balanced salt solution, VIVAS: viable virus aerosol sampler, AAB: 
ammonium acetate buffer, DI: deionized water, TYB: tryptone yeast extract broth, BSA: bovine serum albumin, TCID50: 50% tissue culture infectious dose, EID50: 50% 
egg infectious dose, GTC: growth tube collector, PMA: propidium monoazide, UNMC: University of Nebraska Medical Center, AIIR: airborne infection isolation rooms, 
LAMP: loop-mediated isothermal amplification, SiNw: silicon nanowire, swCNT: sigle-walled carbon nanotube, EAD: electro aerodynamic, EBC: exhaled breath 
condensate.  
Detection method Sampler Target Locations Collection liquid Detection limit References 
Growth, ELISA, and nucleic-acid-based methods 




binding solution  
(Blachere 
et al., 2009) 
qPCR, Culture (Plaque 
assay) 
NIOSH-2 Influenza A virus nasal swab and 
cough samples 
UTM qPCR= 83 copies/cough Plaque 
assay= 0.8 PFU/cough 
(Lindsley 
et al., 2010) 
qPCR, Culture (Plaque 
assay) 
G-II human source 
sampler 
Influenza A virus Exhaled breath PBS+ 0.01% 
BSA 
Plaque assay= 3.0 × 105 
qPCR= 1.8 × 108 copy number 
(McDevitt 
et al., 2013) 
qPCR, Culture (Plaque 
assay) 
G-II human source 
sampler 
Influenza A virus Breath, talk, 
cough, and sneeze 
PBS+ 0.01% 
BSA 
Plaque=fine aerosol (39%) & -NP 
swabs (89%) 
qPCR= fine aerosol (3.8 × 104 
copies), NP swabs (8.2 × 108 
copies) 
(Yan et al., 
2018) 
Culture assay (TCID50) VIVAS Influenza A virus 
(H1N1)  
PBS+ 0.5% BSA  (Lednicky 
et al., 2016) 
Culture (Plaque assay), 
ELISA 
VIVAS Inflluenza A virus 
(H1N1 H3N2), 
Influenza B virus 
Air samples at 
health care center 
PBS+ 0.5% BSA  (Pan et al., 
2017) 
Culture (Plaque assay) GTC MS2  1.5 mL of DI 
water or TYB 
DI= 442 ± 305 PFU/ L 
TYB= 1721 ± 335 PFU/L 
(Pan et al., 
2016) 
Culture (Plaque assay), 
qPCR 
NIOSH-2 Norovirus Healthcare 
facilities of 
Quebec City 
PBS  (Bonifait 
et al., 2015) 
RT-PCR Personal Cascade 
Impactor Sampler 
Influenza A virus 
(H3N2) 
apartment PBS with 0.5% 
w/v BSA  
(Lednicky and 
Loeb, 2013) 







PBS and HBSS SKC BioSampler- 8.78 × 104 
(HBSS) and 4.75 × 104 RNA 
copies/m3 (PBS) 
NIOSH-251 = 1.66 × 104 (HBSS) 
and 1.16 × 104 RNA copies/m3 
(PBS) 
(Boles et al., 
2020) 
ddPCR Cascade impactor and 
Filters 
SARS-CoV-2 Hospital indoors 
(Wuhan) 
Filters dissolved 
in DI water 
Peak RNA concentration in the 
protective-apparel removal room 
(copies/m3), 
0.25–0.5 µm: 40; 
0.5–1.0 µm: 9; 
> 2.5 µm: 7 
(Liu et al., 
2020) 
Real time RT-PCR, Culture 
assay (TCID50) 
Sartorius Airport MD8 air 
sampler with gelatin filter 
80 mm) 
SARS-CoV-2 UNMC (Patient’s 
room) 
PBS 0–1.75 copies/µL or 2.86 copies/ 
L of air 
(Santarpia 
et al., 2020) 
Real time RT-PCR Sartorius MD8 air scan 
with gelatin filter 
(80 mm, 3 µm pore size) 




VTM AIIR-9.2 × 102 copies/mL, 
Sneeze-2.54 × 104 copies/mL 
Spitting- 1.9 × 104 to 
2.3 × 107Saliva-3.30 × 106 and 
9.17 × 107 copies/mL 
(Chan et al., 
2020) 
Real time RT-PCR ESP Human coronavirus 
229E; 





DI-water, PBS Enrichment method -Con-A 
coated magnetic beads 
Liquid-0.08 PFU/mL, 
Air-1.2 PFU/m3 
time = <10 min 
(Kim et al., 
2020b) 
Paper based RT-LAMP VIVAS Influenza A H1N1 Laboratory 
(artificially 
generated) 













BioStage impactor (SKC) Influenza A virus 
(H3N2) 




EAD Influenza A virus 
(H1N1) and MS2 
Laboratory-(stock 
virus) 
PBS – (Park et al., 
2015) 




4 viruses mL-1 (Owen et al., 
2007) 
QCM sensor Impactor Vaccinia virus Laboratory- 
(stock virus)  
40 particles ∕mL at a flow rate of 
2.0 l/min 
(Lee et al., 
2008) 
Near infrared (NIR) based 
LFA (Sandwich 
immunoassay) 




PBS 103 EID50/mL (for H1N1) 
106 PFU/mL (for MS2) 
(Lee et al., 
2020) 
PBS 2.13 PFU/mL for NP Ab 
(continued on next page) 
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clinical samples. Neuraminidase (NA) assay is an enzyme-based fluo-
rometric assay for measuring NA activity, and it was used for clinical 
samples infected with influenza viruses (Turgeon et al., 2011). However, 
there have been no reports on viral aerosol detection using commercial 
immunoassays. This is partly because many of these techniques, espe-
cially ELISA, require lengthy analysis durations owing to multiple 
washing and incubation steps and separate imaging techniques after 
sample capture (Fronczek and Yoon, 2015). 
5.5. Affinity-based advanced viral aerosol measurement techniques 
To date, several types of advanced platforms have been developed 
for measurement of viral aerosols, such as quartz crystal microbalances 
(QCMs), nanowire or carbon nanotube field effects transistors (FETs), 
Table 6 (continued ) 











et al., 2020)  
Fig. 7. (A) Schematics of qPCR and droplet digital PCR (image modified from Tan et al. (2021)), (B) workflow of the isothermal amplification process (image taken 
from Khan et al. (2020) with permission, © 2020 American Chemical Society), and (C) paper-based isothermal amplification technique (RT-LAMP) integrated with 
VIVAS for collection and detection of airborne influenza A H1N1 viruses (image taken from Jiang et al. (2021)). 
Fig. 8. Integrated sensor system with 
air samplers for detection of airborne 
viruses; (A) real-time quartz crystal mi-
crobalance sensor for detection of 
vaccinia viruses (image taken from Lee 
et al. (2008) with permission © 2008 
American Institute of Physics Publishing 
LLC), (B) automated microfluidic 
nanowire-based FET immunosensor for 
detection of influenza A H3N2 viruses 
(image taken from Shen et al. (2011a)), 
(C) vertical flow assay (VFA)-based 
electrochemical paper immunosensor 
integrated with an electrostatic particle 
concentrator (EPC) for detection of 
influenza A H1N1 viruses (image taken 
from Bhardwaj et al. (2020)), and (D) 
lateral flow assay (LFA)-based optical 
immunosensor for detection of airborne 
influenza A H1N1 viruses and MS2 
bacteriophages (image taken from (Lee 
et al. (2020)).   
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surface plasmon resonance (SPR), fluorescence-based technologies, and 
electrochemical biosensors, all of which can be manufactured in 
macroscale, microscale, or within microfluidic platforms (Fig. 8). Until 
now, most of these techniques have not been fully applied for field 
detection owing to experimental difficulties in working with real bio-
aerosols, such as low concentrations of the viral aerosols as well as po-
tential virus damage during the sampling process. 
The QCM detects the presence of analytes via shifts in the resonant 
frequency of a quartz crystal when the analyte attaches to it and finds 
the mass based on the relationship between the additional mass and 
frequency shift. This technique has gained much attention because of the 
simple and real-time detection. Owen et al. (2007) developed the first 
antibody-functionalized QCM sensor for detection of viral aerosols 
(influenza virus H3N2), where the sampling method was not fully 
characterized. Airborne vaccinia viruses were also detected using a 
real-time gas-phase QCM sensor with a minimum detectable concen-
tration of 40 and 210 virus particles per 1 mL of the virus suspension, 
which was prepared for aerosol generation, at flow rates of 2.0 and 1.1 
LPM, respectively; however, selective detection was not provided 
because the QCM sensor did not involve bio-recognition elements on the 
surface (Lee et al., 2008). 
Microfluidic platforms have been recently used for bioaerosol 
detection for serial processes of air sampling, waterborne sample 
transport, and bioassay to enhance detection sensitivity, to obtain rapid 
assays, and for continuous monitoring, etc. (Huffman et al., 2019). 
However, no microfluidic devices are commercially available for bio-
aerosols until now despite the potential and laboratory-level demon-
strations of microfluidic-coupled bioaerosol detection (King et al., 2020; 
Huffman et al., 2019). Moreover, the integration of nanosensors with 
microfluidic technologies is a promising approach for bioaerosol mea-
surements; however, it is not easy to guide and capture the target ana-
lytes on a small detection area, and the stability and lifetime of an 
antibody-based nanosensor can deteriorate when exposed to environ-
mental conditions (Xu et al., 2011). 
A label-free FET nanowire sensor can be used to measure biological 
particles in liquid samples, where a change in the conductance of the 
nanowire is observed after binding of the target viruses to the antibody- 
functionalized channel of the FET. A nearly automated microfluidic FET 
device with antibody-coated silicon nanowires was developed for 
detection of airborne influenza viruses (H3N2) that were captured with 
an ESP (Shen et al., 2011a). The detection time of the FET device was 
2 min, but this system was not fully automated (required manual 
handling) and the LOD was high (~107 viruses/mL for liquid-borne 
H3N2 viruses); it was also used for detection of influenza H1N1 vi-
ruses in clinical exhaled-breath-condensate samples with a detection 
limit of 29,000 viruses/mL (Shen et al., 2012). 
The SPR method optically detects changes in the refractive index on 
the sensor surface when the analytes are bound to specific bioreceptors 
immobilized on the sensor surfaces and can provide real-time detection 
of the target analytes (proteins, small organics, microbes, viruses, or 
toxins). This sensor is generally fabricated using a thin gold coating on a 
glass substrate. Usachev et al. (2013) developed an SPR system for 
detecting airborne MS2 viruses along with three bubbler-type samplers, 
and the total time (sampling and measurement) for analysis was 6 min; 
they further developed a multiplexed SPR sensor for detecting viral 
aerosols (MS2 and influenza A virus), and the LODs were 6 × 106 PFU 
and 7 × 105 PFU/mL for liquid viral samples of MS2 and influenza A 
viruses, respectively (Usachev et al., 2015, 2014). However, these sys-
tems can detect only high concentrations of airborne viruses. 
Kwon et al. (2014) presented another optical (Mie scattering) assay 
using a smartphone camera to measure through microfluidic channels; 
here, the influenza A viruses (H1N1/2009) were bound with 
antibody-conjugated latex beads for size increase. Airborne viruses were 
collected with a button air sampler (or filters) and were transferred to an 
immunoassay-based microfluidic device. This optical measurement was 
rapid (~5 min) and sensitive, with an LOD of 10 pg (~2 × 104 
viruses)/mL for the sample solution. 
The electrochemical biosensor is a device that produces measurable 
electrochemical signals proportional to the concentrations of antigens. 
These sensors usually contain an electrochemical cell employing three 
electrodes: a working electrode, a counter electrode, and a reference 
electrode. When a voltage is applied across the electrodes, electro-
chemical reactions occur in the presence of a redox mediator, which 
produces a change in the current through or resistance across the elec-
trode proportional to the antigen concentration. The electrochemical 
detection method has been used for measurement of waterborne influ-
enza viruses in clinical samples owing to its sensitive, low-cost, and 
rapid analysis compared to conventional techniques (Dziąbowska et al., 
2018). The results are promising and may be applicable for detection of 
airborne viruses as well. Bhardwaj et al. (2020) presented the first study 
on the detection of airborne influenza viruses using paper-based elec-
trochemical immunosensors following electrostatic sampling. These 
paper sensors could detect the amount of surface-protein-damaged vi-
ruses and all the collected viruses via hemagglutinin antibody (HA-Abs) 
and nucleoprotein antibody (NP-Ab) functionalization on the sensors, 
respectively. The measurements of the NP-Ab-based sensors were as 
good as those of qPCR, with an LOD of 2.13 PFU/mL. Lee et al. (2020) 
developed a lateral flow assay (LFA)-based paper sensor for collecting 
and detecting airborne viruses. After virus capture on the sample pad, 
loading buffer was injected on the pad, the collected viruses were moved 
to the detection zone, and signals were measured within 20 min using a 
portable NIR (near infrared) signal reader. This portable integrated 
system could be applied for on-site detection of airborne viruses. 
5.6. Optical detection and viral vs. bacterial detection 
Optical detection of bioaerosols has garnered much attention 
because of the noninvasive and real-time detection capabilities, but most 
of these techniques are limited to non-viral aerosols because of the small 
sizes of the viruses. Here, several optical detection techniques, such as 
fluorescence and adenosine triphosphate (ATP) monitoring, mass spec-
trometry (MS), and Raman spectroscopy (RS), are introduced along with 
their limitations for viral aerosol measurements. 
Fluorescence detection is one of the most common optical detection 
methods based on pathogen-induced fluorescence. The fluorescence 
techniques include flow cytometry and laser-induced fluorescence (LIF), 
such as that using an ultraviolet aerodynamic particle sizer (UVAPS), 
both of which are generally used for detection of bacteria rather than 
viruses because of the very small signals obtained from viruses. 
Flow cytometry requires labeling in liquids with nucleic-acid- 
binding fluorescent dyes (e.g. propidium iodide) or probes, that is, 
specific antibodies for the proteins to differentiate biological from non- 
biological particles (e.g. dust particles). A new version of flow cytometry 
was introduced as flow virometry for detection of small viruses because 
the normal detection range of flow cytometry is 300–500 nm (Lippe, 
2018). Till date, there is no study on detection of viral aerosols, and the 
reason for this might be the time-consuming procedure of sample 
preparation (labeling and fixation etc.) for flow virometry (Bonar and 
Tilton, 2017). 
LIF is based on the fluorescent intensities of the auto-fluorophores 
present in bacteria, fungi, and viruses. The common auto-fluorophores 
present in bioaerosols are nicotinamide-adenine dinucleotide (NADH) 
(a coenzyme), riboflavin, and amino acids (tryptophan and tyrosine), all 
of which have different excitation and emission wavelength ranges. 
These amino acids have 260–280 nm and 280–360 nm, while NADH has 
340–360 nm and 440–470 nm, and riboflavin has 450–488 nm and 
520–560 nm ranges for excitation and emission, respectively. Viruses 
contain small amounts of auto-fluorophores (tryptophan and tyrosine) 
that do not fluoresce by 405 nm light, while the main sources of fluo-
rescence, NADH and riboflavin, are absent in individual viruses (Hill 
et al., 2013). Therefore, auto-fluorophore-based detection methods are 
not suitable for detection of airborne virus particles (Yoon et al., 2019). 
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UVAPS, one of the most well-known equipment using LIF, is used for 
real-time detection of viable bioaerosols by measuring the fluorescence 
signals in the size range of 0.5–15 µm using ultraviolet (UV) laser 
excitation at 355 nm and emission in the range of 420–575 nm (Xu et al., 
2011; Uk Lee et al., 2010). Although UVAPS is a promising device, it 
cannot differentiate at the species level and has limitations for 
measuring viruses, bacterial spores, and dead bioaerosols (Xu et al., 
2011; Lee et al., 2010). More details on these techniques are reviewed in 
(Huffman et al., 2019). 
Another optical detection method uses ATP bioluminescence. This 
method monitors the microbial metabolisms, unlike other immunoas-
says and molecular approaches. Till date, this technique has been used 
for bacterial and fungal samples alone, and there are no reports on 
detection of viral aerosols because of the absence of ATP in viruses (Su 
et al., 2020). 
MS is a laser-based approach that measures the molecular mass and 
electrical charges, or the mass-to-charge ratios, of biomolecules, 
including proteins and nucleic acids, from ionized samples followed by 
comparison with a database of species profiles. Several variants of MS, 
such as aerosol time-of-flight mass spectrometry, atomic mass spec-
trometry, and matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) have been discussed in previous reviews (Ghosh et al., 
2015a). Although MALDI-TOF was used in the molecular diagnostics of 
viral infections (Ganova-Raeva and Khudyakov, 2013) and detection of 
SARS-CoV-2 (Cardozo et al., 2020) in clinical samples, it is not appro-
priate for rapid detection of viral aerosols because it requires an 
enrichment step, such as PCR or cell culture, to prepare highly 
concentrated samples. For instance, respiratory disease viruses were 
grown and concentrated via ultra-centrifugation before extracting viral 
proteins (Calderaro et al., 2016). Moreover, there are small quantities of 
viral proteins in viruses, and the molecular weights of viral proteins are 
high (>20 kDa) in contrast with the range used for standard microbio-
logical diagnoses (2–20 kDa) (Milewska et al., 2020). 
RS is a non-destructive vibrational technique that has been used for 
characterizing aerosol particles, and it is generally used for large-sized 
aerosol particles (larger than 1 µm) (Tirella et al., 2018). 
Surface-enhanced Raman spectroscopy (SERS) has gained much atten-
tion because it can overcome the size problems associated with normal 
RS (Sharma Ghimire et al., 2019). SERS has been applied for the 
detection of airborne bacteria using air samplers (Sengupta et al., 2005, 
2007) and viruses in clinical samples (Chen et al., 2020); however, there 
are no reports on the detection of airborne viruses. More details on RS 
are reviewed in Chen et al. (2020). 
6. Conclusion and future prospect 
Rapid on-site measurement of airborne viruses is highly required to 
prevent the spread of air-transmissible diseases at early stages. Airborne 
virus measurement typically consists of two processes: air sampling and 
virus measurement. Therefore, reliable sampling of airborne viruses 
along with advanced measurement techniques is critical to effectively 
measure airborne viruses. To date, many sampling devices and tech-
niques have been presented. However, a portable sampler that meets all 
the requirements of large flowrate sampling, biologically safe virus 
collection, high ER, and high collection efficiency for particles ranging 
from tens of nanometers to tens of micrometers in size remains a chal-
lenge; hence, only a limited information about airborne viruses is 
known. Recently, many techniques have been proposed to compensate 
for the problems of each sampler. For example, when collecting airborne 
viruses electrostatically, the ROS adversely affecting the viability and 
rapid detection capability of airborne viruses was reduced by adding 
ascorbic acid into a sampling medium (Bhardwaj et al., 2020; Piri et al., 
2021). Furthermore, since the number of viruses in the air is very small, 
and there exist many non-target particles such as particulate matter, 
collected viruses should be purified and/or enriched prior to measure-
ment to reduce false measurements. 
From the standpoint of airborne virus measurement, a portable and 
sensitive real-time measurement system providing species-level speci-
ficity can be ideal, but there exist many technical limitations. Therefore, 
rapid (less than 1–2 h including sampling) unmanned measurement 
systems that can provide measurement data daily or twice a day are 
more reasonable and realistic for long-term monitoring purposes, unless 
viral aerosols of interest require immediate steps or the viral aerosol 
concentrations vary drastically. Moreover, these monitoring systems 
suggest that low-cost sensors should be used since long-term measure-
ment may need a great many analytes and analysis time. 
Currently, most airborne virus measurements are conducted by PCR 
due to the shortcomings of conventional air samplers. Although PCR has 
the advantage of being accurate, it usually requires expensive in-
struments, long processing times (several hours), and highly trained 
personnel for RNA/DNA purification and PCR setup. The isothermal 
nucleic acids amplification technology has emerged because it can 
provide more rapid detection with high sensitivity. Several reports have 
been published on rapid detection of SARS-CoV-2 in clinical samples 
using the isothermal techniques such as RT-LAMP and rolling circle 
amplification (RCA) (Oishee et al., 2021). RCA was integrated with 
electrochemical biosensors for rapid (< 2 h) detection of SARS-CoV-2 in 
clinical samples with an LOD of 1 copy/µL (Chaibun et al., 2021). Since 
conventional PCR requires high temperature that can be adverse for the 
sensing surfaces, isothermal amplification would be preferred over 
RT-PCR when combing with other sensing (colorimetric, electro-
chemical) techniques (Gupta et al., 2021); nevertheless, there are few 
reports on the detection of airborne viruses to date. Digital PCR (dPCR) 
is another emerging technology, which allows absolute quantification of 
viral RNA with higher sensitivity, precision, and stability than conven-
tional qPCR, and is classified into droplet dPCR (ddPCR), chip-based 
dPCR, and microfluidic-based dPCR (Tan et al., 2021). ddPCR was 
used for the detection of SARS-CoV-2 in surface samples, where the 
samples were found positive by dPCR, but RT-qPCR failed to detect (Lv 
et al., 2020). 
Affinity (antibody, aptamer, peptides etc.)-based biosensors can be 
used as alternatives to conventional PCR for rapid and long-term mea-
surement of airborne viruses. They can meet the requirements of spec-
ificity, sensitivity, rapidity, portability, low cost, and ease of use. 
Especially, paper-based analytical devices such as VFA (Bhardwaj et al., 
2020) and LFA (Lee et al., 2020) integrated with air samplers can be 
used as an inexpensive portable platform for monitoring airborne vi-
ruses because of their low cost, porous structure, high surface-to-volume 
ratios, portability, and capillary action. Nanomaterials such as carbon 
nanotubes and graphene are highly desirable to be incorporated in these 
sensors for enhancing the sensitivity of biosensors, and stable and 
reproducible film deposition would be critical for long-term monitoring 
systems (Bhardwaj et al., 2021). These nanomaterials demonstrate high 
surface-to-volume ratios and high electron transfer characteristics, 
which may be ideal for electrical and electrochemical biosensors. 
Aptamers and peptides are promising candidates for the recognition 
elements of the airborne virus measurement systems because of their 
low cost, ease of manufacturing, and less sensitivity to environmentally 
harsh conditions compared to conventional antibodies. 
Selecting compatible sampling and detection methods is critical for 
obtaining reliable measurements. This selection is also critical for 
assessing the performance of viral aerosol inactivation equipment 
because damaged parts of airborne viruses can vary depending on 
inactivation techniques. Further development and improvement of 
effective sampling technologies and rapid measurement of viral aerosols 
will continue to remain open to new opportunities. 
Declaration of Competing Interest 
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 
J. Bhardwaj et al.                                                                                                                                                                                                                               
Journal of Hazardous Materials 420 (2021) 126574
18
Acknowledgments 
This work was supported by the National Research Foundation of 
Korea (NRF) grant (2020R1A2C1011583), the ITRC (Information 
Technology Research Center) support program (IITP-2020–2017- 
0–01635) supervised by the IITP (Institute for Information & commu-
nications Technology Promotion), the Basic Science Research Program 
through the NRF funded by the Ministry of Education 
(2020R1A6A1A03040570), the Institute of Civil Military Technology 
Cooperation funded by the Defense Acquisition Program Administration 
and Ministry of Trade Industry and Energy of the Korean Government 
(UM19402RD4), and by Korea Environmental Industry & Technology 
Institute (KEITI) through Technology Development Project for Biolog-
ical Hazards Management in Indoor Air Project, funded by Korea Min-
istry of Environment (MOE) (2021003370003). 
References 
Agranovski, I.E., Usachev, E.V., Agranovski, E., Usacheva, O.V., 2017. Miniature PCR 
based portable bioaerosol monitor development. J. Appl. Microbiol. 122, 129–138. 
https://doi.org/10.1111/jam.13318. 
Alidjinou, E.K., Sane, F., Firquet, S., Lobert, P.E., Hober, D., 2019. Resistance of enteric 
viruses on fomites. Intervirology. https://doi.org/10.1159/000448807. 
Alonso, C., Olson, B.A., Goyal, S., Raynor, P.C., Davies, P.R., Torremorell, M., 2017. 
Comparison of two size-differentiating air samplers for detecting airborne swine 
viruses under experimental conditions. Aerosol Sci. Technol. 51, 198–205. https:// 
doi.org/10.1080/02786826.2016.1249278. 
Alonso, C., Raynor, P.C., Davies, P.R., Torremorell, M., Núñez, A., Clifford, D., 2015. 
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Comparison of polycarbonate and polytetrafluoroethylene filters for sampling of 
airborne bacteriophages. Aerosol Sci. Technol. 44, 197–201. https://doi.org/ 
10.1080/02786820903518899. 
Walls, H.J., Ensor, D.S., Harvey, L.A., Kim, J.H., Chartier, R.T., Hering, S.V., Spielman, S. 
R., Lewis, G.S., 2016. Generation and sampling of nanoscale infectious viral aerosols. 
Aerosol Sci. Technol. 50, 802–811. https://doi.org/10.1080/ 
02786826.2016.1191617. 
Walther, B.A., Ewald, P.W., 2004. Pathogen survival in the external environment and the 
evolution of virulence. Biol. Rev. Camb. Philos. Soc. 79, 849–869. https://doi.org/ 
10.1017/S1464793104006475. 
Wang, C.-H., Tschen, S.-Y., Flehmig, B., 1995. Antigenicity of hepatitis A virus after ultra- 
violet inactivation. Vaccine 13, 835–840. https://doi.org/10.1016/0264-410X(94) 
00054-Q. 
Watanabe, T., Bartrand, T.A., Weir, M.H., Omura, T., Haas, C.N., 2010. Development of a 
dose-response model for SARS coronavirus. Risk Anal. 30, 1129–1138. https://doi. 
org/10.1111/j.1539-6924.2010.01427.x. 
Whon, T.W., Kim, M.-S., Roh, S.W., Shin, N.-R., Lee, H.-W., Bae, J.-W., 2012. 
Metagenomic characterization of airborne viral DNA diversity in the near-surface 
atmosphere. J. Virol. 86, 8221–8231. https://doi.org/10.1128/jvi.00293-12. 
William, N., Lindsley, G., Green, B.J., Blachere, F.M., Martin, S.B., Law, B.F., Jensen, P. 
A., Schafer, M.P., 2017. Sampling and characterization of bioaerosols. NIOSH Man. 
Anal. Methods BA–2-BA-115. 
Wilson, N.M., Norton, A., Young, F.P., Collins, D.W., 2020. Airborne transmission of 
severe acute respiratory syndrome coronavirus-2 to healthcare workers: a narrative 
review. Anaesthesia 75, 1086–1095. https://doi.org/10.1111/anae.15093. 
Xu, Z., Wu, Y., Shen, F., Chen, Q., Tan, M., Yao, M., 2011. Bioaerosol science, technology, 
and engineering: past, present, and future. Aerosol Sci. Technol. 45, 1337–1349. 
https://doi.org/10.1080/02786826.2011.593591. 
Yang, W., Elankumaran, S., Marr, L.C., 2011. Concentrations and size distributions of 
airborne influenza A viruses measured indoors at a health centre, a day-care centre 
and on aeroplanes. J. R. Soc. Interface 8, 1176–1184. https://doi.org/10.1098/ 
rsif.2010.0686. 
Yan, J., Grantham, M., Pantelic, J., Bueno de Mesquita, P.J., Albert, B., Liu, F., 
Ehrman, S., Milton, N.K., EMIT Consortium, 2018. Infectious virus in exhaled breath 
of symptomatic seasonal influenza cases from a college community. Proc. Natl. Acad. 
Sci. U. S. A. 115, 1081–1086. https://doi.org/10.1073/pnas.1716561115. 
Yezli, S., Otter, J.A., 2011. Minimum infective dose of the major human respiratory and 
enteric viruses transmitted through food and the environment. Food Environ. Virol. 
3, 1–30. https://doi.org/10.1007/s12560-011-9056-7. 
Yoon, S.N., Lee, J., Kim, D., Yoo, H.S., Min, K.Y., Kim, M.C., 2019. The use of LIF-based 
instrument with 405 nm for real-time monitoring of aerosolized bio-particles. JKSAE 
13, 186–195. https://doi.org/10.5572/ajae.2019.13.3.186. 
Zhao, Y., Aarnink, A.J.A., Wang, W., Fabri, T., Groot Koerkamp, P.W.G., de Jong, M.C. 
M., 2014. Airborne virus sampling: efficiencies of samplers and their detection limits 
for infectious bursal disease virus (IBDV). Ann. Agric. Environ. Med. 21, 464–471. 
https://doi.org/10.5604/12321966.1120585. 
Zhen, H., Han, T., Fennell, D.E., Mainelis, G., 2013. Release of free DNA by membrane- 
impaired bacterial aerosols due to aerosolization and air sampling. Appl. Environ. 
Microbiol. 79, 7780–7789. https://doi.org/10.1128/AEM.02859-13. 
Zukeran, A., Sawano, H., Ito, K., Oi, R., Kobayashi, I., Wada, R., Sawai, J., 2018. 
Investigation of inactivation process for microorganism collected in an electrostatic 
precipitator. J. Electrost. 93, 70–77. https://doi.org/10.1016/j.elstat.2018.04.002. 
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